The dechlorination of polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins was examined in an enrichment culture (KFL culture) that contained two phylotypes of Dehalobacter, FTH1 and FTH2. The KFL culture dechlorinated 2, 3, 4, 2, 3, 3, , and 1,2,3-trichlorodibenzo-p-dioxin (1,2,3-TriCDD). Quantitative real-time PCR targeting FTH1 and FTH2 revealed significant increases with the addition of PCBs and 1,2,3-TriCDD, suggesting halorespiring growth of the Dehalobacter species in the KFL culture. This study demonstrated the reductive dechlorination of PCBs and 1,2,3-TriCDD by Dehalobacter species in a sedimentfree culture and a novel dechlorination pathway, the conversion of 2,3,4-TriCB to 4-monochlorobiphenyl via 3,4-dichlorobiphenyl.
Microorganisms that dechlorinate polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins (PCDDs) have been enriched and isolated for potential applications in the bioremediation of polluted environments (6, 7) . The dechlorination of PCDDs by axenic cultures such as "Dehalococcoides" sp. CBDB1 (1, 3) and "Dehalococcoides ethenogenes" strain 195 (5, 11) has been reported. Also, "Dehalococcoides ethenogenes" strain 195 (5, 11) and the ultramicrobacterium DF-1, a member of the so-called "o-17/DF-1 group" in the phylum Chloroflexi (10), have been reported to dechlorinate PCBs. Moreover, some reports have suggested the association of other Chloroflexi in complex communities that dechlorinate PCBs and PCDDs (8, 14, 16) . Recently, Dehalobacter species, obligate halorespiring bacteria of the phylum Firmicutes that dechlorinate chlorinated ethenes or ethanes (9, 12, 13) , were detected with "Dehalococcoides" in a sediment culture that dechlorinated 2,3,4,5-tetrachlorobiphenyl (2,3,4,5-TeCB) (15) . In addition, we recently demonstrated that two phylotypes of Dehalobacter, FTH1 and FTH2, grew by dechlorination of 4,5, 6,7-tetrachlorophthalide (fthalide), in an enrichment culture (designated KFL culture) in which no members of the "Dehalococcoides" and "o-17/DF-1 group" group were detected (17) . These results motivated us to examine whether the Dehalobacter species in the culture are able to dechlorinate PCBs and PCDDs.
The KFL culture was maintained using FTH medium supplemented with 50 µM fthalide as described previously (17) , with 10 mmol L −1 of FeS and 20 mM organic acids replaced with 0.15 mM of Na2S and 5 mM sodium acetate, and the addition of 80% H 2 and 20% CO 2 (v/v in headspace of culture bottle), and a 0.01% (w/v) peptone (Difco Laboratories, Sparks, MD, USA) supplement. Aliquots (200 µL) of 5 mM 2,3,4,5-TeCB, 2,3,4-trichlorobiphenyl (2,3,4-TriCB), 1,2,3-trichlorodibenzo-p-dioxin (1,2,3-TriCDD), or 1,2,3,4-tetrachlorodibenzo-p-dioxin (1,2,3,4-TeCDD) (dissolved in acetone) were added to dry-sterilized glass vials (600 mL capacity) sealed with Teflon-coated butyl rubber caps, and evaporated in vacuo. Then, 100 mL of FTH medium was added to each vial. Five milliliters of a KFL culture that consumed almost all the fthalide (less than 1 µM remaining) was transferred to vials containing FTH medium supplemented with PCBs or PCDDs, and incubated at 30°C. To analyze PCBs and PCDDs in the liquid phase of the KFL culture, 1 mL of the culture solution was extracted for gas chromatography-mass spectrometry (GC-MS) as described previously (17) . The gas in the headspace of the culture bottles was also analyzed in some cases by injecting 50 µL of headspace gas from the cultures into the GC-MS system. The injection and GC-MS interface temperatures were maintained at 280°C and 320°C, respectively. The column temperature was initially set at 140°C for 0.25 min and then increased at a rate of 10°C min −1 to 320°C, where it was maintained for 3 min. In the full-scan mode, the scanned mass range was m/z 50-400. In the selected ion mode, m/z 154, 188, 222, 222, 256, and 290 were monitored to detect PCBs and their metabolites, and m/z 182, 217, 252, 287, and 322 were monitored to detect PCDDs and their metabolites. For quantitative detection of the two phylotypes of Dehalobacter, quantitative real-time PCR (qPCR) was performed using one of the following primers, Dhb455IF and Dhb456IIF, specific for the 16S rRNA genes of FTH1 (accession number AB294742) * Corresponding author. E-mail: ysd75@esi.nagoya-u.ac.jp; Tel:
+81-52-789-5858; Fax: +81-52-789-5857. and FTH2 (AB294743), respectively, in combination with the reverse primer Dhb645R as described previously (17) . The concentrations of 2,3,4-TriCB, 2,3,4,5-TeCB and 1,2,3-TriCDD decreased in extracts of the liquid phase of the KFL culture during incubation and dechlorinated products subsequently appeared (Fig. 1) . However, 1,2,3,4-TeCDD did not significantly decrease in concentration and no dechlorination products were observed (Fig. 1C) . In the culture amended with 1,2,3-TriCDD, 2,3-dichlorodibenzo-pdioxin (2,3-DiCDD) as an intermediate product appeared in an amount equivalent to that on the dechlorination of 1,2,3-TriCDD (Fig. 1D) . A trace amount of 2-monochlorodibenzop-dioxin (2-MCDD) was detected in the culture amended with 1,2,3-TriCDD. However, 2-MCDD was also detected in the culture at the start of incubation and did not increase significantly in concentration during incubation, suggesting it to be a trace contaminant originally present in the 1,2,3-TriCDD. The products of the dechlorination of PCBs, 2,3,5-trichlorobiphenyl (2,3,5-TriCB) and 2,3-dichlorobiphenyl (2,3-DiCB), were detected in the liquid-phase extract of the culture amended with 2,3,4,5-TeCB (Fig. 1A) , while 2,3-DiCB and 2-monochlorobiphenyl (2-MCB) were detected in the liquid-phase extract of the KFL culture amended with 2,3,4-TriCB (Fig. 1B) . However, the summed concentrations of the dechlorinated products in the cultures were much lower than those estimated from the decrease in spiked PCBs. For example, in the extract of the liquid-phase of the KFL culture incubated with 2,3,4-TriCB for 60 d, the estimated total number of 2,3-DiCB and 2-MCB molecules was about 2% of decrease in spiked 2,3,4-TriCB. These results suggested that volatilization of the PCBs or dechlorinated products into the headspace of the vials occurred. GC-MS of the PCBs in the headspace of the KFL culture after incubation for 60 d revealed substantial amounts of volatilized PCBs, including metabolites that were undetected in the liquid phase (i.e. 3,4-dichlorobiphenyl (3,4-DiCB) and 4-monochlorobiphenyl (4-MCB) from 2,3,4-TriCB, and 2,3,4-TriCB, 3,4-DiCB, 2-MCB, and 4-MCB from 2,3,4,5-TeCB).
Abbreviations: polychlorinated biphenyls (PCBs
To check the mass-balance between the quantities of PCBs and metabolites in bottles on days 0 and 60, the quantities of volatized congeners in bottles were estimated from calibration curves based on the peak areas detected from the headspace gases in bottles containing media with the same volumes and PCBs at known concentrations, although the quantity of 2,3,4,5-TeCB was estimated from the concentration in the liquid phase. The amount of gaseous 2,3,4,5-TeCB in the headspace was neglectable (<0.02 µmol bottle −1 ). The summed quantities of PCBs and metabolites in bottles at 60 d were well balanced but still smaller than at the start of incubation (Table 1) , probably due to adsorption into the rubber of the septum once the Teflon-coating was pierced for sampling. We suggest possible dechlorination pathways for 2,3,4-TriCB, 2,3,4,5-TeCB and 1,2,3-TriCDD from the dechlorination products as shown in Fig. 2 . The populations of FTH1 and FTH2 in the KFL cultures were significantly increased by supplementation with 2,3,4-TriCB, 2,3,4,5-TeCB and 1,2,3-TriCDD compared with the KFL culture without chlorinated compounds as a negative control after 60 
d of incubation (Table 2) , which supported the involvement of FTH1 and FTH2 in the dechlorination of PCBs and 1,2,3-TriCDD.
To date, three strains of Dehalobacter species, i.e., D. restrictus strain PER-K23 (9), D. restrictus strain TEA (13) , and Dehalobacter sp. strain TCA1 (12) , have been isolated. However, none of these have been reported to dechlorinate PCBs and PCDDs. "Dehalococcoides ethenogenes" strain 195 and the ultramicrobacterium DF-1, a PCB-dechlorinating bacterium of Chloroflexi, were reported to be able to dechlorinate only doubly flanked chlorines of PCBs (5, 10) , although related phylotypes have frequently been detected in microbial communities that remove singly flanked chlorines from PCBs (2, 4, 15) . The KFL culture removed chlorines substituted at the para, meta, and ortho positions of PCBs, which includes doubly flanked chlorine and singly flanked chlorines. Yan et al. (15) observed 2-MCB produced from 2,3,4,5-TeCB in a sediment culture containing "Dehalococcoides" and Dehalobacter species, although this was not observed in cultures containing only "Dehalococcoides" species. These results suggest a potentially important role for Dehalobacter species in the dechlorination of less-chlorinated biphenyls. A notable dechlorination pathway in the KFL culture is dechlorination of 2,3,4-TriCB to 4-MCB via the meta-dechlorination of 3,4-DiCB produced from the ortho-dechlorination of 2,3,4-TriCB. This pathway has not been observed in phylogenetically defined cultures to date. The KFL culture did not dechlorinate 1,2,3,4-TeCDD and 2,3-DiCDD produced from 1,2,3-TriCDD, although "Dehalococcoides" sp. strain CBDB1 dechlorinated 1,2,3,4-TeCDD to 2-MCDD (3) and "Dehalococcoides ethenogenes" strain 195 dechlorinated 1,2,3,4-TeCDD to 1,3-DiCDD (5) suggesting the KFL culture to have a limited spectrum for the dechlorination of PCDDs compared with "Dehalococcoides".
In conclusion, this study demonstrated for the first time the reductive dechlorination of PCBs and 1,2,3-TriCDD by Dehalobacter species in a sediment-free enrichment culture and a novel pathway, dechlorination of 2,3,4-TriCB to give 4-MCB via the meta-dechlorination of 3,4-DiCB produced from the ortho-dechlorination of 2,3,4-TriCB. 
